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1 0 1 characteristics from our datasets. Using the maturing leaf as a dynamic system we show that in 1 0 2 both C 4 species studied, the induction of Kranz anatomy occurs along a base to tip developmental 1 0 3 gradient in leaves under 2cm length. We sampled this maturation gradient and undertook RNA 1 0 4 sequencing to correlate the underlying patterns of gene expression with anatomical development. Godalming, UK) in covered pots as seeds need high humidity for germination. Covers were 1 1 3 removed when seedlings were 1 cm high. Samples of 4 mm 2 to 1 cm 2 were fixed in 4% (w/v) formaldehyde at 4°C overnight and then 1 1 7 placed on ice and dehydrated prior to being placed in 100% (v/v) ethanol, followed by 1:1 1 1 8 ethanol/Technovit mix and then 100% Technovit 7100 (Heraeus Kulzer, Germany). Samples were 1 1 9 subsequently left in Technovit solution plus hardener I (1g hardener per 100ml) for at least an Technovit plus hardener I and II (15 ml of Technovit plus hardener I were mixed with 1 ml of 1 2 2 hardener II). Samples were arranged within the embedding moulds which were then covered with 1 2 3
unstretched Parafilm® M to seal them from air, and left to harden overnight. Samples were 1 2 4 removed, heated to 80°C and trimmed for sectioning. Sections of 2µm thickness were produced 1 2 5 using a Thermo Scientific Microm HM340E microtome. Ribbons were mounted onto 1 2 6
SuperFrost®white microscope slides (VWR, Leuven, NL), left to dry and then stained with 0.1% 1 2 7 (w/v) toluidine blue. All sections were analysed with a BX41 light microscope (Olympus, Center 1 2 8
Valley, PA, USA), usually using the bright-field setting. To clear leaves, they were placed into 70% (v/v) ethanol and heated to 80°C. The next day 1 3 0 samples were placed in 5% (w/v) NaOH for about 15 minutes to clear leaves further and then 1 3 1 mounted in water and analysed by light microscopy. To quantify leaf anatomical characteristics, Photoshop CS5 was used. The programme was 1 3 3 calibrated with scale bars and the lasso tool was used to measure cell area for both BS and M 1 3 4 6 cells. Measurements of M cells were taken between BS cells, with 30 BS and 30 M cells being 1 3 5 measured per leaf section. This was done for all six leaf stages and for three biological replicates 1 3 6 for each species. Images derived from leaf sections were assembled using Photoshop. The 1 3 7 background of sections was averaged and in some cases the contrast was increased to improve 1 3 8 visibility of cell borders. Vein density was determined using images of cleared leaves. In mature 1 3 9 sections of the leaf there was no ambiguity in collecting these data, whereas in the most basal 1 4 0 sections of some leaves, the estimates may be underestimates of the extent of venation as 4°C. Subsequently they were rinsed in 0.1 M HEPES buffer five times, and then treated with 1% 1 4 9 osmium ferricyanide at room temperature for two hours and rinsed in deionised water five times 1 5 0 before being treated with 2% (w/v) uranyl acetate in 0.05 M maleate buffer with a pH of 5.5 for two 1 5 1 hours at room temperature. They were rinsed again in deionised water and dehydrated in an 1 5 2 ascending series of ethanol solutions from 70% to 100% (v/v). This was followed by treatment with (TPM) reads from for each gene across the four species. Expression patterns of genes of interest 1 7 5
were analysed using a custom-made R script to extract the data of interest and to visualise 1 7 6 expression patterns. GO term analysis was performed according to (Burgess et al., 2016) . We first confirmed that fully expanded mature leaves of C 3 F. pringlei and F. robusta as well as 1 8 0 C 4 F. bidentis and F. trinervia showed characteristic C 3 and C 4 anatomy under our growth 1 8 1 conditions. In all cases the third leaf pair was chosen as the first and second leaf pairs have 1 8 2 previously been described as juvenile (McKown and Dengler, 2009) . Mature third leaves of C 3 and 1 8 3 C 4 Flaveria ranged from 6-10 cm in length, but the C 3 species had narrower leaves with an entire 1 8 4 margin whereas the C 4 leaves were wider and the margin was slightly dentate ( Figure 1A ). Both C 4 1 8 5 species had closer veins than the C 3 species ( Figure 1B, Supplementary Figure 1 ). In addition, 1 8 6 analysis of transverse leaf sections indicated that C 3 leaves were thicker because of larger cells 1 8 7 and more cell layers ( Figure 1C ). Clear differences in BS and M cell arrangement were visible 1 8 8 between the C 3 and C 4 pairs with the BS in both C 4 species being more uniform in shape than in 1 8 9 the C 3 species ( Figure 1C ). In addition, compared with the C 3 species, M cells in the C 4 leaves 1 9 0 were smaller (Supplementary Figure 1) and showed increased contact with the BS. In agreement 1 9 1 with previous analysis (McKown and Dengler, 2007) , leaves of the two C 4 and two C 3 species 1 9 2 typically contained five and eight ground cell layers between the adaxial and abaxial epidermis In all four Flaveria species, leaves of 1.8-2cm length showed a basipetal maturation gradient 1 9 5 with differentiating tissues at the base and fully differentiated tissues at the tip ( Figure 2 ). This base-to-tip maturation programme is typical of dicotyledons, but it is 1 9 7 notable that in Flaveria maturation occurred in larger leaves than in G. gynandra, where the 1 9 8 maturation gradient was detected in leaflets of 0.4 cm length (Aubry et al., 2014) . This prolonged 1 9 9 development of leaf maturation in Flaveria thus provides an excellent system to analyse the 2 0 0 induction of C 4 photosynthesis as the larger leaf allows these leaves to be divided into more stages To better understand differences in leaf maturation in C 3 and C 4 Flaveria, leaves from each were recovered from each replicate ( Supplementary Table 1 ). After de novo assembly of these 2 0 6 9 reads, the average number of annotated transcripts per species was 12,475 (Supplementary Table   2 0 7 1).
0 8
Read mapping was used to quantify transcript abundance in Transcripts Per Million (TPM, 2 0 9
Supplementary Data 1). By grouping the two base, mid and tip stages, it was possible to quickly 2 1 0 analyse transcript behaviour across the maturation gradient. This revealed that on average 40% of 2 1 1 annotated transcripts showed descending behaviours, meaning that they were expressed more 2 1 2 strongly at the base of the leaf than at the tip ( Supplementary Table 1 ). Using the 8000 annotations 2 1 3 found in all four species, correlation analysis showed that patterns of gene expression first 2 1 4 clustered by species and then by photosynthetic type, meaning that the correlation between 2 1 5 neighbouring developmental stages was highest within species and that the correlation was higher 2 1 6 between species of the same photosynthetic type than between species of different photosynthetic 2 1 7 types (Supplementary Figure 4) . A gradient from base to tip was clear in all four species but was 2 1 8 more pronounced in the two C 4 species ( Supplementary Figure 4) . The six portions from the base to the tip of the leaf showed a clear induction of genes known to between 2500 and 3500 genes were estimated to be upregulated in the C 4 species. This reduction 2 2 7 in differential gene expression in the C 4 compared with C 3 Flaverias in this study compared with 2 2 8 the estimates from the Cleomaceae may be due to the use of two C 3 and two C 4 species removing 2 2 9 species-specific differences, but also to the reduced phylogenetic distance between the Flaveria 2 3 0 species. Principal Components Analysis indicated that the first two dimensions contributed to 37 2 3 1 and 19% of the variation respectively, and that whereas the first dimension was associated with 2 3 2 the leaf maturation signal from all species, the second dimension was associated with the 2 3 3 photosynthetic pathway being used ( Figure 4B ). This finding implies that C 4 metabolism has a 2 3 4 large impact on the differences in gene expression associated with C 3 and C 4 leaves within one were assessed it was notable that photosynthesis genes were over-represented for a prolonged 2 3 7 period along the gradient in the C 4 species ( Figure 4C ). This was also the case for genes related to 2 3 8 DNA and transport. In contrast, the MapMan category associated with RNA was over-represented 2 3 9
for longer in the C 3 species ( Figure 4C ). Equivalent analysis for Gene Ontology (GO) terms Using cleared leaves, veins were traced to visualise their development. In the most basal part of 2 4 9 the leaf, major veins were present but in the two C 4 species, the highest order veins were still 2 5 0 being laid down. Some of these developing higher order veins could be detected by the specific showed markedly different developmental patterns in the C 3 and C 4 pairs of Flaveria. (Figure 5A ).
5 4
Vein density was lower at the base in C 4 compared with C 3 leaves of Flaveria, but during the 2 5 5 transition from the base to the middle of the leaf density increased dramatically in the C 4 species 2 5 6 ( Figure 5B ). In both C 3 and C 4 pairs, vein density then decreased from the middle to the tip of the (Supplementary Figure 6) . These basal portions of the leaf therefore appear most interesting to 2 6 1 interrogate for candidate genes associated with these processes. The de novo assembled 2 6 2 transcriptomes from the four Flaveria species were therefore analysed for homologues of genes 2 6 3 known to impact on vein formation in others species. Six genes that effect vein formation in A. thaliana showed different behaviours in the C 4 2 6 5
Flaverias compared with the C 3 species (Figure 6 ). In all cases absolute transcript abundance 2 6 6 tended to be higher at the base of the C 4 leaves compared with the base of the C 3 species.
6 7
However, the most consistent differences in expression were found for Arabidopsis thaliana 2 6 8
HOMEOBOX-GENE-8 (ATHB8). SHR and SCR have been implicated with the development of C 4 2 6 9
Kranz anatomy (Slewinski et al., 2012; Slewinski, 2013) . SHR was detected in three of the species 2 7 0 with a descending pattern but no clear difference between C 3 and C 4 . SCR also showed a 2 7 1 descending pattern but again with no clear difference between photosynthetic types. Of Scarecrow-like genes, only SCARECROW-LIKE 14 was clearly higher in C 4 and showed a Data 3). Transcripts encoding the auxin response factors ARF3, ARF8 and also IAA7 showed The same six regions from leaf base to tip used to define vein density were next used to 2 7 7 quantify maturation of BS and M cells (Figure 7) . Leaf thickness was higher in the C 3 compared 2 7 8
with the C 4 species, and leaf expansion continued for longer in the C 3 leaves ( Figure 7A ). The BS 2 7 9
in the C 3 species was less regular than in the C 4 species, and individual cell size within the BS was 2 8 0 more variable ( Figure 7A ). However, it was notable that the cross-sectional area of BS cells in the 2 8 1 C 3 species was larger than that of C 4 species, particularly towards the tip. It has been proposed 2 8 2 that a large BS cell size is a key early event associated with the evolution of C 4 photosynthesis 2 8 3 (Williams et al., 2013; Christin et al., 2013; Griffiths et al., 2013) , and so it appears that within 2 8 4
Flaveria this is a pre-existing trait. It was noticeable that the cross-sectional area of M cells from 2 8 5 the two C 3 species was around five times greater than M cells of the C 4 species ( Figure 7B ). This genes that have been annotated as having roles in cell proliferation or expansion showed was DWF4, a 22α-hydroxylase that catalyses the rate-limiting step of Brassinosteroid synthesis 2 9 1 and so controls cell expansion. In both C 3 species, DWF4 transcript abundance increased along 2 9 2 the leaf gradient but in the C 4 species its transcripts were barely detectable (Supplementary Data 2 9 3 1 2 4). These data imply that DWF4 is a strong candidate for the reduced expansion associated with 2 9 4 maturation of the C 4 leaf.
9 5
A prolonged rate of cell division in the C 4 Flaveria species is also supported by transcript leaves, is in keeping with findings that a decrease in GA levels controls the transition between cell 3 1 4 division and expansion in Maize (Nelissen et al., 2012) . A corresponding pattern cannot be seen in 3 1 5 C 3 leaves, which may mean that the transition between cell division had already occurred at the 3 1 6 base of C 3 lineages, or is mediated by another mechanism. Species that primarily use NADP-ME to decarboxylate malate in the C 4 BS commonly develop the six stages along the leaf gradient. Dimorphic chloroplasts were observed in the C 4 species but 3 2 5
not in the C 3 species (Figure 8A-D) . Towards the base of the C 4 leaves, both BS and M 3 2 6 chloroplasts contained 2-3 granal lamellae per stack (Supplementary Figure 7) . In more mature 3 2 7
parts of the leaf levels of stacking were reduced in BS cells but increased in M cells ( Figure 8A-D) .
In both C 3 species, a developmental gradient in granal stacking was also visible from base to tip,
with more mature parts of the leaf showing increased levels of granal stacking in both cell types 3 3 0
( Supplementary Figure 7) . Thus, a key difference between the C 3 and C 4 leaves was the reduction 3 3 1 in granal stacking in C 4 BS cells from the middle of the leaf. The control of photosynthesis gene expression and chloroplast development has previously candidate genes that can be associated with chloroplast maturation were identified. For example, Data 5). Transcripts encoding the outer envelope receptor proteins TOC34 and TOC159 were 3 4 7
higher in the base and peaked later in the C 4 than the C 3 species. Additionally, TOC75, the major which is involved in repair of PSII complexes (Torabi et al., 2014) . It was also notable that 3 5 7
transcripts encoding components of the NDH complex (NDF1, NDF6 and PIFI), as well as genes 3 5 8
involved in cyclic electron transport (PGR5 and PGRL1A) were more abundant in both C 4 species, 3 5 9
and these differences became more apparent from base to tip (Supplementary Data 5).
Chloroplast dimorphism also coincided with an increase in transcript abundance of CRR1, which is 3 6 1
proposed to be involved in NDH complex assembly.
6 2
Analysis of electron micrographs also revealed that chloroplast length in the BS increased from 3 6 3 base to tip in the C 4 species more than in the C 3 species (Figure 9 ). Two members of the Further, FtsZ1-1 which is involved in chloroplast division, was significantly down-regulated in the division genes in C 4 plants could lead to their increased size in BS cells. By combining our data from the four Flaveria species with publically available datasets, we next from the Cleomaceae (Külahoglu et al., 2014) . In contrast to our work, whole leaves were staged 3 7 7
by age (Külahoglu et al., 2014) and changes in transcript abundance compared with non- species shows that the first dimension is associated with leaf maturation, but the second dimension is associated with photosynthetic pathway. C 3 species are depicted in red, C 4 species in blue, and each stage is numbered from 1 (base) to 6 (tip). C. Summary of MapMan categories associated with the top decile of differentially expressed genes in each species. Fp = Flaveria pringlei, Fr = Flaveria robusta, Fb = Flaveria bidentis and Ft = Flaveria trinervia. For each species five chloroplasts were measured per stage and cell type. Error bars represent one standard error of the mean. The two C 4 species are shown with solid lines, and the two C 3 species with dashed lines.
